) of the same species were found in February under low temperature levels (11.5-12.5 C). All Dinophysis blooms persisted for no more than 4 months. In addition to cells resembling typical D. cf. acuminata, cells of similar shape but smaller in size were observed at different stages of the blooms. Other observations include couplets of large and small-sized cells, and also a larger robust form with a dense granular cytoplasm. The D. cf. acuminata population always presented a stratified vertical distribution with vertical peaks positioned in or just above the pycnocline. Among the physico-chemical parameters, water temperature appears to be the most important factor influencing the distribution of Dinophysis abundance.
I N T R O D U C T I O N
Dinophysis is a genus that is distributed worldwide with more than 200 species described so far (Sournia, 1986) . After the identification of Dinophysis fortii as the causative agent of diarrhetic shellfish poisoning (DSP) in Japan (Yasumoto et al., 1980) , considerable attention has been focused on the biology, autoecology and toxicology of this genus [reviewed in Maestrini (Maestrini, 1998) and Reguera and González-Gil (Reguera and González-Gil, 2001) ].
Dinophysis blooms have been well documented in the western Mediterranean Sea [e.g. Boni et al., 1993; Cabrini et al., 1993; Della Loggia et al., 1993; Marasovic et al., 1998; Aubry et al., 2000; Giacobbe et al., 2000; Caroppo, 2001; Vila et al., 2001) ], in contrast to the eastern Mediterranean Sea where documented Dinophysis blooms apparently did not exist. However, Dinophysis species have already been observed in the past in the eastern Mediterranean ( Jörgensen, 1923) and particularly in coastal waters of Thermaikos Gulf (Athanassopoulos, 1931; Nikolaides and Moustaka-Gouni, 1990; Nikolaidis and Evagelopoulos, 1997) , but they had never been associated with diarrhetic shellfish intoxication. According to the local authorities, the first recorded Dinophysis bloom in Greece in the year 2000 caused DSP in humans (200 people were hospitalized) and losses in the shellfish industry of about 5 million euros.
The aim of this study is to present the first recorded Dinophysis bloom in Greek coastal waters during the regional HAB monitoring program in Thermaikos Gulf in the years 2000-2002.
M E T H O D Study area and sampling stations
Thermaikos Gulf (Figure 1 ) is a semi-enclosed area of the eastern Mediterranean Sea with a maximum depth of 45 m, located at the north-west Aegean Sea. In the inner part of the gulf is located one of the biggest commercial harbors in Greece. Three rivers (Axios, Aliakmon and Loudias) discharge into the west gulf, with a mean annual water flow of 150 m 3 s À1 (Ganoulis, 1991) . Along the west part of Thermaikos Gulf is situated the most important shellfish cultivating area of Greece, with an annual production of $40 000 tons of Mytilus galloprovincialis.
In order to monitor the potentially toxic phytoplankton species, 10 sampling stations were selected (Figure 1 ). Two stations (S1 and S5) were located close to the city of Thessaloniki (maximum depth 18-20 m). The others were located in the mussel culture areas of the gulf (maximum depth 10-15 m).
Sampling and field measurements
Field surveys were conducted bimonthly in the year 2000 and weekly since February 2001. At each station, an integrated sample was taken from the whole water column using a PVC tube sampler equal to the depth of each station. Samples for vertical distribution were collected at each meter with a Nansen-type sampler. Furthermore, samples for the study of diurnal vertical migration were taken every 6 h between 08:00 and 01:00 h on 4 April 2001 at station S1.
A total of 1230 samples were examined covering the period January 2000-June 2002. The subsamples of 200 mL were immediately fixed in Lugol's iodine solution. Water temperature, pH and salinity profiles were measured with portable pH (pH 197) and conductivity (LF 197) meters from the WTW company (Germany), respectively, and the transparency was measured with a Secchi disk.
Analyses
Chlorophyll (Chl) a concentration was measured according to the method of Lorenzen (Lorenzen, 1967) . Suspended particulate matter (SPM) and dissolved inorganic nutrient concentrations (NO 3 -N, NO 2 -N, PO 4 -P, SiO 2 -Si) were measured according to Strickland and Parsons (Strickland and Parsons, 1968) , except for ammonia (NH 4 -N), which was determined using the method of Liddicoat et al. (Liddicoat et al., 1976) . The above analyses were carried out on integrated samples. Phytoplankton cells were counted with an inverted microscope, using Utermöhl's sedimentation method (Utermöhl, 1958) . The Dinophysis species were counted using 25 mL (bloom period) and 50 mL (non-bloom period) sedimentation chambers by scanning the whole bottom of the chamber (magnification Â63, Â100). For observation by scanning electron microscopy (SEM), fixed material was filtered on Nuclepore filters, dehydrated in an ethanol series followed by dimethoxypropane, critical point dried, coated with gold and examined on a Zeiss DSM 940A scanning electron microscope.
Meteorological data
Meteorological data, including total solar radiation, duration of insolation, precipitation and wind speed, were provided by the Institute of Meteorology and Climatology, Aristotle University of Thessaloniki.
Statistical analyses
The matrix of transformed (log transformation) physical/environmental attributes was ordinated using principal component analysis (PCA) for detection of spatial relationships. In order to examine the possible relationship between the environmental factors and Dinophysis abundance, the Spearman test was used. The Kruskal- Wallis ANOVA median test was applied for the detection of differences in Dinophysis abundance (spatially or temporally). All the above-mentioned analyses were carried out using Statistica software.
R E S U L T S Physico-chemical parameters
Surface water temperature revealed a wide annual range in values with a maximum of 28 C found usually in the middle of August and a minimum of 9 C at the end of January or at the beginning of February. Thermal stratification began in April and lasted till the end of August or mid-September. The highest temperature differences between surface and the deeper water layer ranged from 5 to 8 C. Low salinity values (29-32) were measured at the surface in stations situated close to the freshwater outflow from rivers, while at the deeper water layer in all stations the salinity values were almost stable (salinity 37-38). Meteorological data analysis showed dominance of S/SE winds during summer, while N/NW winds prevailed during winter.
Hydrochemical and biological data (Table I ) measured in the period 2000-2002 revealed no significant differences among the sampling stations except for salinity (H = 104.51, P < 0.05, N = 690) and Chl a (H = 33.52, P < 0.05, N = 690), which separated the inner and outer part of Thermaikos Gulf. The analysis of the present data set was simplified by application of PCA in order to decrease dimensionality. A correlation matrix was calculated using the following parameters: temperature, salinity, Secchi disk values, SPM, Chl a, NO 3 -N, NO 2 -N, NH 4 -N, SiO 2 -Si and PO 4 -P concentrations from all sampling stations (Figure 2 ). Four components were extracted with eigenvalues >1, explaining 63% of total variance (Table II) . The first principal component (PC1) explained $23% of variance and was related to river discharge and to nutrient input, as indicated by loadings, which were negative for salinity and NH 4 -N, and positive for SiO 2 -Si, NO 2 -N and PO 4 -P. The second principal component (PC2) explained $18% of variance and was related positively to temperature, due to seasonality. The third component (PC3, 12% variance) was related to NO 3 -N, while the fourth component (PC4, 10%) was related to SPM and Chl a.
Dinophysis species in Thermaikos Gulf
Six species of the genus Dinophysis were identified during this study: D. cf. acuminata, D. sacculus Stein, D. rotundata Table I : Average and standard deviation of the environmental factors during the study period and the Dinophysis blooms Besides the large and small-sized cells, couplets of largesized cells attached by their dorsal margin (Figure 6 ), typical for binary vegetative fission, and small-large cell pairs joined by the ventral margin ( Figure 7) were also observed.
A third morphotype distinguishable by its large cells, broader body and dense granular cytoplasm with deep red pigmentation was rarely found (Figure 8 ).
Temporal and spatial distribution of D. cf. acuminata blooms
The occurrence of D. cf. acuminata ranging between 200 and 600 cells L À1 was first recorded in water samples from the inner part of the gulf during the last week of 1999 (27 December 1999). After 2 weeks, on 10 January 2000, the Dinophysis population reached 57 Â 10 3 cells L À1 at station S1. At the same time, no detectable abundances of Dinophysis population were recorded in the outer part of the gulf (stations S6-S10). Dinophysis abundance >200 cells L in the middle part (S6 and S7) was recorded at the end of January and in the southern part (S8-S10) 2 weeks later. The highest density of the population (85.4 Â 10 3 cells L
À1
) was recorded at the inner part of the gulf (station S4) at the beginning of February. The duration of the bloom in Thermaikos Gulf lasted till the end of March ( Figure 9A ). After this period, Dinophysis abundance was <40 cells L À1 . Within the Dinophysis population, which was dominated by the species D. cf. acuminata, high numbers of small-sized cells (up to 50%) of the total Dinophysis population were found during the peak ( Figure 10A ). The water temperature in this period ranged from 11 to 16 C and salinity between 29 at the surface and 37 in the deeper water layers. During the Dinophysis bloom, the phytoplankton community was dominated by the diatoms Skeletonema costatum (maximum abundance 3.26 Â 10 6 cells L À1 ), Leptocylindrus minimus (maximum abundance 3.06 Â 10 6 cells L
) and Rhizosolenia setigera, and the dinoflagellates Heterocapsa sp., Scrippsiella sp. and Gymnodinium spp. Dinophysis species constituted only a small fraction (2.5-3.5%) of the total phytoplankton abundance.
In 2001, increases of Dinophysis cells were first recorded in water samples from the inner part of the gulf (S1) at the beginning of March. The Dinophysis population in this area reached the highest cell density (5 Â 10 3 cells L
) in mid-April and persisted until the end of May ( Figure 9B ). In the middle and southern part of the gulf, cell densities >200 cells L À1 were recorded 3 and 4 weeks after the beginning of the bloom in the inner part of the gulf, respectively. The presence of small-sized cells in Dinophysis populations during the 2001 bloom was rare. The water column was stratified in terms of temperature and salinity; temperature ranged from 13 to 22 C and salinity between 29 and 38. The most common species recorded at that time were the diatoms S. costatum (maximum abundance 6.1 Â 10 5 cells L À1 ), R. setigera and Guinardia delicatula, the dinoflagellates Prorocentrum redfieldii (maximum abundance 6.06 Â 10 5 cells L
), Prorocentrum cf. dentatum and the raphidophyte Chattonella sp. During the bloom, D. cf. acuminata reached up to 2% of the total phytoplankton abundance. A second, short term Figure 9C ) and reached its highest cell density in mid-February (37 Â 10 3 cells L À1 in station S1). In the outer part of the gulf, the Dinophysis bloom reached the highest abundance in mid-March (2.24 Â 10 3 cells L
) and lasted until the middle of May. During the Dinophysis mass growth period (February and March), the water temperature was between 12 and 13 C, while between January and April it ranged from 11 to 18 C and salinity from 29 at the surface to 38 in the deeper water layers. High numbers of small-sized cells (comprising on average 40% of the total Dinophysis population) were observed during the decline of the bloom ( Figure 10B ) when Dinophysis abundance ranged between 600 and 700 cells L
. Diatoms of the genus Pseudo-nitzschia (maximum abundance 7.83 Â 10 5 cells L
) and unidentified smallsized flagellates dominated the phytoplankton assemblages during the Dinophysis bloom. At that time, D. cf. acuminata comprised 3% of the total phytoplankton abundance. 
Vertical distribution
The D. cf. acuminata population always presented a stratified vertical distribution. Maximum cell numbers were found between 5 and 8 m during the bloom in 2001 (Figure 11 ). On the contrary, in 2002, maximum abundances were recorded near the surface layer above 4 m (Figure 12) . Throughout an 18-h sampling period (on 4 April 2001) at station S1, cell maxima were found at different depths ( Figure 13 ). The highest density of the population was located at 6 m in the morning (08:00 h, 6.7 Â 10 3 cells L 
Relationships of D. cf. acuminata with abiotic factors
The correlation test (Spearman rank order correlation) showed a weak negative relationship between D. cf. acuminata cell numbers and water temperature at most stations (Table III) . No significant relationships between its abundance, dissolved inorganic nutrients and climatic conditions were found. In Table I , the environmental factors prevailing during the Dinophysis blooms are presented.
D I S C U S S I O N
The identity of the Dinophysis species forming toxic blooms in Thermaikos Gulf is not resolved yet. It resembles D. acuminata, but differs from typical cells of that species in the North Sea (Figure 14) , hence our reference here to D. cf. acuminata. The taxonomy of the D. acuminata complex is under discussion Bravo et al., 1995) . ( Jörgensen, 1923; Lindemann, 1924; Giacobbe, 1995) . However Zingone et al. question the occurrence of D. acuminata in the Mediterranean because of the lack of documented records (Zingone et al., 1998) . According to the previous investigators, the taxonomic separation between D. sacculus and D. acuminata is based on the shape of the large hypothecal plates. Dinophysis sacculus is characterized by elongate, almost rectangular or sac-like hypothecal plates, while in D. acuminata they are dorsally convex, shorter in length and often more slender towards the antapex. Furthermore, the L/W ratio in D. acuminata is lower than that in D. sacculus. Specimens from Thermaikos Gulf had a L/W ratio of 1.35 and showed a typical convex dorsal margin and a rounded antapex. Based on the above features, these specimens appeared to be separated from D. sacculus.
The occurrence of small-sized cells within the Dinophysis population has been reported by several authors (MacKenzie, 1992; Moita and Sampayo, 1993; Reguera et al., 1995; Reguera and González-Gil, 2001 ). These investigators conclude that the small-sized cells within the Dinophysis population constitute a morphotype of the same species which probably acts as a male gamete. In our samples, except for single small-sized cells, couplets of large and small cells were observed. These couplets were always joined at the ventral cell margin, in contrast to the couplets of large cells, which were attached by their dorsal margin, typical for binary vegetative fission. The pairing between small and large-sized cells is interpreted as a stage of sexual conjugation (Giacobbe and Gangemi, 1997) , like the fusion process of anisogamous gametes, analogous to that described for Ceratium tripos (Von Stosch, 1964) , while the pairs of large cells, with thecal halves equal in length, constitute unfinished cell division (Giacobbe and Gangemi, 1997) .
The abundance of small-sized cells in the Dinophysis population in relation to the large-sized cells was variable. Usually, the small cell fraction represents a low proportion (<10%) of the total population (Reguera and González-Gil, 2001 ) and their maximum abundance is observed during the late stages of the bloom (MacKenzie, 1992; Moita and Sampayo, 1993; Reguera and González-Gil, 2001 ). The highest proportion (44-45%) has been recorded by MacKenzie (MacKenzie, 1992) during the late stages of a D. acuta outbreak in Big Glory Bay (New Zealand). During the present study, a high proportion of small cells was observed at different stages of the bloom. In 2000, maximum numbers of small-sized cells (up to 50%) were recorded during the peak of the outbreak, while in 2002 the highest abundances of small cells (up to 40%) occurred at the decline of the bloom. During 2001, when the Dinophysis population reached lower abundances, the occurrence of smallsized cells was rare or not detectable. These different views of the presence of small cells in the Dinophysis blooms in Thermaikos Gulf allow us to note that the role of these cells regarding the bloom dynamic is not clear; however, according to our observations, the significant presence of small-sized cells in a Dinophysis population is associated with the development of high abundances. Probably the production of small cells, acting as a putative (+) anisogamous gamete, may be a strategy of Dinophysis species to survive during unfavorable environmental conditions due to the formation of hypnozygotes after conjugation between large and smallsized cells (Reguera and González-Gil, 2001 ); this may have been the situation during the 2002 bloom in Thermaikos Gulf. Nevertheless, permanent cysts were not observed during the present study and apart from a few reports Reguera et al., 1995) no benthic cysts have been identified elsewhere in the world to date. According to Reguera, small-sized cells can grow to form intermediate and normal-sized vegetative cells and they can rejoin the population (Reguera, 2002) . Our findings in the Dinophysis bloom in the year 2000 concerning the presence of small-sized cells support the above observations. Large, robust Dinophysis cells with a dense, granular, deeply pigmented cytoplasm, like the ones described by MacKenzie (MacKenzie, 1992), Delgado et al. (Delgado et al., 1996) and Giacobbe and Gangemi (Giacobbe and Gangemi, 1997) , were rarely observed in plankton net samples from Thermaikos Gulf. Double trailing flagellae were observed definitively just in one single cell, indicating it as a planozygote. In this type of cell, double flagellae were not resolved with certainty during additional observations. Furthermore, cells that are fully vacuolated can be cells that have performed a mixotrophic behavior ( Jacobson and Andersen, 1994) .
During this study, the duration of Dinophysis blooms in Thermaikos Gulf usually lasted 3-4 months. Nevertheless, it should be noted that Dinophysis cell densities of $40-120 cells L À1 were recorded sporadically throughout the year. The development of the bloom always started in the inner part of the gulf, where the highest cell density of Dinophysis population was also recorded. The occurrence of Dinophysis cells at >200 cells L À1 in the outer part of the gulf (stations S6-S10) was always detected after 3-4 weeks from the beginning of the bloom in the inner part. This pattern of bloom development appears to be related to the spatial origination of the Dinophysis population in relation to the water mass circulation in the study area. The fact that all blooms were first recorded in the inner part of the gulf indicates that the Dinophysis population originated from this area. If the Dinophysis population was transported by water inflow from offshore, it would be first recorded in water samples from stations located in the outer part of the gulf (stations S6-S10). Furthermore, after the 2000 bloom, water samples for phytoplankton measurements were collected sporadically from a sampling station (maximum depth 32 m) that was located in the middle part of the outer gulf (40.45 N, 22.75 E) . In these samples, no Dinophysis were observed during non-bloom periods, while during 2001 and 2002 blooms, Dinophysis abundance was lower and sometimes similar to stations S8-S10. The southward transport of water masses from the head of the gulf (Hyder et al., 2002) appears to be the reason for the periodic extension of the Dinophysis population to the southern part of the gulf. Other studies (Lindahl, 1993; Godhe et al., 2002) have also shown spatial extension of blooms due to the water transport. The significant differences in Dinophysis abundance between the inner and the outer part of the gulf could be based on the different hydrographic conditions that exist in this area. The development of an anticlockwise circulation in the inner part (Balopoulos and James, 1984) in relation to the hydrography of this area appears to be the main reason for the elongation of retention time of the water masses and consequently for the high densities of the Dinophysis population. The significantly lower cell density of the Dinophysis population from stations located in the outer part of the gulf could be interpreted as the result of dilution of coastal with offshore waters.
No correlation between inorganic nutrients and Dinophysis abundance was found during this study. The absence of correlation fits well with other studies (Delmas et al., 1992; Lindahl and Andersson, 1996; Blanco et al., 1998; Aubry et al., 2000; Caroppo, 2000; Smayda and Reynolds, 2001; Godhe et al., 2002) and this may be attributed to the potential mixotrophic character of Dinophysis cells and the tendency of this species to accumulate in thin water layers. Dense Dinophysis populations (D. acuminata, D. cf. acuminata, D. sacculus) occur mostly during spring, summer and autumn (Andersen et al., 1996; Palma et al., 1998; Poletti et al., 1998; Aubry et al., 2000; Vila et al., 2001) . In Thermaikos Gulf, the highest cell density of D. cf. acuminata was found in winter ( January and February) in 2000 and 2002 blooms at low temperature levels (11.5-12.5 C) and in spring in the 2001 bloom at temperatures between 13 and 16 C. High cell density (20.6 Â 10 3 cells L À1 ) of D. acuminata has also been reported in New Zealand (Chang, 1996) during winter at low temperatures (12-13 C). All these results indicate that blooms of Dinophysis species can be established at different times of the year.
It has been shown in several studies (Delmas et al., 1992; Reguera et al., 1995; Godhe et al., 2002 ) that stratified waters favor high abundances and accumulation of Dinophysis cells. Profiles of the vertical distribution in the present study showed D. cf. acuminata aggregation in a layer of water which represented only a small fraction of the whole water column. The position of this layer was found at different depths during the 2001 and 2002 blooms. The maximum numbers of the population in 2001 were found mostly between 5 and 8 m, while during the 2002 bloom they were mostly above 4 m. The different positions of the vertical peaks may be attributed to the hydrodynamic conditions of the water column, because in both instances (winter and early spring) the cell maxima were around a density gradient. In our study area, salinity seems to be more important than temperature in pycnocline formation. Maximum numbers of Dinophysis cells in Thermaikos Gulf were found in or just above the pycnocline, where accumulation of detrital material possibly satisfies the nutritional requirements of Dinophysis (Maestrini, 1998) .
During the 18 h sampling study carried out on 4 April 2001 at station S1, remarkable changes in the vertical distribution of the Dinophysis population were recorded. In the morning (8:00 h), 94% of the population was gathered above the 6 m layer, with maximum abundance (52% of the population) found between 5 and 6 m. After 6 h (14:00 h), Dinophysis cells in that layer (0-6 m) represented only 30% of the whole population, while maximum abundance was recorded at deeper layers between 7 and 8 m. The decrease in Dinophysis population in the upper water layer (0-6 m) was more obvious at dusk (19:00 h) and at midnight (01:00 h), when only 8 and 7% of the whole population were recorded, respectively, while 77 and 66% of the total population were found in deeper water masses (10-13 m). This downward displacement of the Dinophysis patches along the water column during the night, which usually corresponds to the position of the pycnocline, possibly indicates diurnal vertical migration of the Dinophysis population, which is in agreement with the results of other authors (Durant Clément et al., 1988; MacKenzie 1992; Villarino et al., 1995; Delgado et al., 1996) .
Among the several physico-chemical parameters, water temperature appears to be the most important factor influencing the distribution of Dinophysis abundance in Thermaikos Gulf. The weak significant negative correlation between water temperature and cell concentrations is in disagreement with the results of Aubry et al., which indicated a significant positive correlation between temperature and Dinophysis species abundance in the NW Adriatic Sea (Aubry et al., 2000) . These results could be related to the different effects of temperature in Dinophysis species. Dinophysis sacculus, which dominated in coastal waters of the NW Adriatic Sea, seems to prefer warm waters in semi-enclosed basins and lagoons (Caroppo, 2001) . On the contrary, due to the N/NW European distribution, D. acuminata is characterized as a 'cold' species and its dense populations occurred mostly during summer and autumn Peperzak et al., 1996; Godhe et al., 2002) . The fact that, during the Dinophysis blooms, temperature values in Thermaikos Gulf range at levels similar to those in north European coastal waters during the warm period allows us to suggest that Dinophysis specimens from Thermaikos Gulf may be more closely related to D. acuminata than to D. sacculus. However, the presence of specimens with morphological characteristics intermediate between D. acuminata and D. sacculus (Zingone et al., 1998) indicates the possibility of the existence of intraspecific variation with different morphotypes. Furthermore, the similar features of Dinophysis specimens from Thermaikos Gulf to those of the species D. recurva, D. ovum and D. okamurai did not exclude a possible relationship with these forms.
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